Objective: Magnetic resonance imaging (MRI) is useful in diagnosing spontaneous spinal epidural hematoma (SSEH). The purpose of the present study is to determine whether apparent diffusion coefficient (ADC) values could determine severity of spinal cord damage and predict functional recovery in SSEH. Methods: The study involved four consecutive patients with SSEH (two men and two women: aged 21-76 years). Using axial slices, ADC values were determined in four separate regions of the spinal cord. These areas were classified into the following three groups based on findings in T2-weighted images: normal T2 intensity; persistent T2 abnormality; and temporary T2 abnormality. ADC values among different groups were compared. The relationship between preoperative ADC values and neurological grades were also evaluated. Results: ADC values in normal T2 areas were 0.89 ± 0.10 Â 10 À3 mm 2 s À1 , whereas those for the persistent T2 abnormality group were significantly lower (0.63 ± 0.14 Â 10 À3 ). In a patient who was Frankel A on admission and in the follow-up, the ADC value was as low as 0.41 Â 10 À3 . Functional recovery was also limited in the spinal cord segments with lower ADC values. In the temporary T2 abnormality group, ADC values were significantly higher (1.05±0.10 Â 10 À3 ).
INTRODUCTION
Spontaneous spinal epidural hematoma (SSEH) is a rare clinical entity with an estimated incidence of 0.1 patients per 100 000 per year. 1 Patients typically present with sudden onset of acute back or neck pain. Accumulation of hematoma in the epidural space may compress the spinal cord or nerve roots and potentially cause neurological damage to patients.
If SSEH is suspected, conventional magnetic resonance images (MRIs) are obtained to confirm the diagnosis, and to evaluate the location and size of hematomas as well as the severity of spinal cord compression. 2, 3 Conventional MRI can estimate when the bleeding occurred, based on the signal intensities of hematomas in T1-and T2-weighted images. 1 Such information is valuable since it would determine whether emergent surgical evacuation of the hematoma is indicated to control the bleeding and decompress the spinal cord.
MRI can also detect spinal cord parenchymal injury by generating intramedullary hyperintense signals on a T2-weighted image. 3 However, hyperintense signals do not differentiate between reversible and irreversible spinal cord damage. Thus, it may be difficult to predict a functional prognosis based on conventional MRIs in cases of SSEH.
Diffusion-weighted images (DWI) provide additional information regarding the microscopic motion of water protons. 4 Apparent diffusion coefficient (ADC) values calculated through DWI have been used to differentiate between cytotoxic and vasogenic edema 5 in the brain through markedly decreased and increased ADC values, respectively. Nonetheless, both of these pathological changes generate hyperintensities on T2-weighted images.
We hypothesized that cases with predominant vasogenic edema in a compressed spinal cord have high ADC values on admission and may show better functional recovery, if treated appropriately. On the other hand, cases with irreversible damages would have lower ADC values, indicating cytotoxic insults. The purpose of the present study was to investigate whether ADC values in spinal cord DWIs can determine the degree of damage in the spinal cord parenchyma and could be used to predict a prognosis for SSEH.
PATIENTS AND METHODS

Patient population
Four consecutive patients (two men and two women; aged, 21-76 years; mean age, 55.6 years) were admitted to our hospital for the treatment of SSEH between January 2009 and December 2009. All patients were evaluated by MRI soon after admission. Informed consent was obtained from all patients regarding their participation in the present study. Diffusionweighted MRI was a part of the clinical imaging protocol at our institution (Sendai Medical Center), and institutional review board approval was not obtained.
Patient neurological status was assessed on admission and in last follow up using the Frankel classification (A-E). Patients were followed up for a duration of 30-45 months (mean, 37.3 months).
MRI and data processing
Patients were imaged using a 1.5-T MR imaging system, Magnetom Avanto (Siemens Medical Solutions, Erlangen, Germany). All patients underwent MR scanning on admission. If surgical treatments were indicated, MRIs were routinely performed 2 and 6 weeks postoperatively. For those who were treated conservatively, MRIs were obtained 2 weeks and 6 months after the onset. Conventional T1-and T2-weighted images were obtained with sagittal and axial planes; T2*-weighted images were also obtained. Referring to sagittal T1-and T2-weighted images, 15 axial slices, 8 mm apart, were placed to cover hematoma, compressed spinal cord and T2 hyperintensity areas in the spinal cord. Positions of the axial slices were identical in conventional MRI and DWI.
Diffusion-weighted imaging was performed using a fat-suppressed, spinecho, echo-planar imaging sequence. Fifteen axial scans were performed with the following scanning parameters: repetition time, 4000 ms; echo time, 78 ms; echo space, 0.74 ms; imaging matrix, 128 Â 128; field of view, 20 Â 20 cm; average number, 8; slice thickness, 5 mm, with three orthogonal directional motion probing gradients (b ¼ 1000 s mm À2 ), followed by automatic generation of isotropic DWIs. Images without motion-probing gradients (b ¼ 0 s mm À2 ) were also obtained.
After ADC maps were generated, ADC values were determined using the OsiriX version 3.7.1 (http://www.osirix-viewer.com/) by placing four ovalshaped regions-of-interest (ROI; area, B0.05 cm 2 ) side-by-side on axial section images of the spinal cord, with two located closer to the surface of the cord and the other two in the middle (Figures 1 and 2 ). These lateral and medial ROIs mainly covered the white and gray matter, respectively. To confirm positions of ROIs, we referred T2-weighted axial images obtained in the same slice positions.
Statistical analysis
The ROIs, in which ADCs were calculated, were classified into the following three groups based on the findings of MRI on admission and in follow ups: normal T2, areas without T2 abnormality on admission; persistent T2 abnormality, areas with T2-hyperintensity that persisted in follow ups; temporary T2 abnormality, areas with T2-hyperintensity that resolved in follow ups. For instance, in Case 1, T2-hyperintense lesions detected at C2/3 disc level ( Figure 2b ) had resolved in the follow-up MRI (Figure 2h ). These areas were classified as the temporary T2 abnormality group. On the other hand, the T2 abnormality that was evident on the right side of the spinal cord at the C5 level on pre and postoperative MRIs (Figures 2c and i) was deemed persistent T2 abnormality.
Four ROIs in each of the 15 axial slices per patient provided total 240 ROIs in four patients. ADC values in these three groups were compared using oneway analysis of variance followed by post-hoc Tukey's test. A receiver operating characteristic analysis determined cutoff ADC value that provides the best combination of sensitivity and specificity to detect the persistent T2 abnormality. Data represent mean ± s.d. Differences were deemed statistically significant for Po0.05. Table 1 . Two patients (Cases 1 and 2) underwent surgical evacuation of the hematoma owing to the severity of their clinical symptoms. The other two patients (Cases 3 and 4) were treated conservatively and showed full functional recovery. Three out of four patients sustained parenchymal injury as confirmed by the T2-hyperintense area on admission. In two patients, follow-up MRIs confirmed that a previously T2-hyperintense lesion was present. In a patient with complete spinal cord damage and no functional recovery (Case 2), ADC values were as low as 0.41 Â 10 À3 mm 2 s À1 (Table 1) . In two patients who were classified as Frankel E in follow ups, ADC values on admission were higher than 0.73 Â 10 À3 mm 2 s À1 .
RESULTS
Patient characteristics including clinical grades and findings of the conventional MRIs are shown in
We classified the areas in the spinal cord as those with a normal appearance in T2-weighted images on admission (normal T2; n ¼ 182), areas with T2-hyperintense lesions that persisted in follow-up MRIs (persistent T2 abnormality; n ¼ 30), and T2-hyperintense areas that resolved in the follow-up (temporary T2 abnormality; n ¼ 28). ADC values on admission were 0.89 ± 0.09, 0.63 ± 0.14 and 1.05±0.10 Â 10 À3 mm 2 s À1 , and they were significantly different (Po0.001; Figure 1 ). In particular, ADC values lower than 0.79 Â 10 À3 mm 2 s À1 predicted persistent T2 abnormality in follow-up MRI with sensitivity and specificity as 89.3% and 89.8%, respectively.
Illustrative cases Case 1. A 76-year-old woman with a chief complaint of neck pain and tetraparesis was transferred from another hospital. Her limb paresis was more evident on the right side. When initial symptoms occurred, she was riding a bicycle and thus fell down. She had been conservatively treated for 24 h for possible brainstem infarction before admission to our hospital. The patient had no medical history related to coagulopathy, and was classified as Frankel C on admission. In particular, motor strength in the upper extremities was 1/5 in a manual muscle test on the right side and 4/5 on the left side. Lower extremities were judged as 0/5 and 2/5 on the right and left side, respectively. An MRI disclosed spinal epidural hematoma from C3 to C7 with cord compression. T2-weighted hyperintense lesions were noted in the vertebral levels from C2 to C7 (Figure 2 ). At the levels of T2-hyperintensity, ADC values were higher on the left side and as low as 0.66 Â 10 À3 mm 2 s À1 on the right side of the spinal cord. The patient underwent a right C4-6 hemilaminectomy and evacuation of the hematoma 41 h after the onset. The diagnosis of SSEH was confirmed. Postoperatively, the patient showed partial neurological recovery. At the final follow up, 45 months after the onset, the patient recovered to Frankel D. Her motor strength recovered to 5/5 and 4/5 in the upper and lower extremities, respectively on the left side. However, the motor strength on the right side, in which ADC values were lower on admission, was 2/5 in the upper and 3/5 in the lower limbs. A follow-up MRI revealed that the T2 abnormality Figure 1 Apparent diffusion coefficient (ADC) values in a spinal cord with normal intensity in T2-weighted images on admission (normal T2), T2-hyperintense lesions which persisted in follow-up MRIs (persistent T2 abnormality), and T2-hyperintense areas that resolved in follow ups (temporary T2 abnormality). ADC values in the persistent T2 abnormality group were 0.63 ± 0.14 Â 10 À3 mm 2 s À1 , that is, significantly lower than those of the normal T2 group. In the temporary T2 abnormality group, ADC values (1.05 ± 0.10 Â 10 À3 mm 2 s À1 ) were significantly higher than those of the other groups. Data represent mean ± s.d. *Po0.001. 
Correlation between pathological changes and ADC values
Another limitation of the present study is that histological evaluation was not possible. Thus, we can only speculate mechanisms explaining the correlation between low ADC values and persistent T2 abnormality, that is, irreversible spinal cord damage. When the spinal cord is compressed owing to epidural hematoma, blood flow in the spinal cord decreases as demonstrated in a rat spinal cord compression model. 6 Such ischemic insult breaks the integrity of the blood-spinal cord barrier, followed by excessive accumulation of water in the extracellular space. In this situation, ADC values are higher, reflecting increased water diffusion. If the compression persists, ischemia and nutritional deficits cause progressive degeneration. 7 When it progressed and cells lost their functions, intracellular edema occurs owing to sodium influx. 8 Water mobility is restricted because of a net influx of water from the extracellular to intracellular space. This decreased water diffusion in the predominant cytotoxic edema may reflect as lower ADC values. In animal models, when the degree of cord compression was more severe and the duration of compression was longer, histological damage progressed to apoptotic cell death or loss of the myelin sheath. 6, 9 In experimental traumatic brain injury, ADC values were lower when cytotoxic edemas were observed in earlier phases after injury. This was followed by an increase in ADC values corresponding to demyelination and decreased tissue cellularity in the long term. 10, 11 Spinal cord DWI A DWI of the spinal cord is technically demanding because of the small volume of the spinal cord. Physiological motion, including cerebrospinal fluid flow and cardiac and respiratory motion, also influenced the quality of images. 12 However, spinal MRIs with DWI parameters have become available after modifications in parameters. 13 In experimental spinal cord injury using rodents, the diffusivity, parameters obtained from diffusion tensor imaging, decreased at the site injury within 6 h. Importantly, decrement of axial diffusion predicted injury severity and correlated with histological changes. 14 Recently, diffusion tensor imaging can discriminate microstructural differences between the gray and white matter of the spinal cord with 9.4T magnet. 15 It would be intriguing if MRI parameters could discriminate different histological changes in the gray and white matter in human studies. Recently, we evaluated ADC values in patients with sustained acute spinal cord injury by applying the same parameters used in the present study. 16 We demonstrated a correlation between the severity of spinal cord lesions and ADC values in spinal cord trauma. If lesions had low ADC values, they remained as T2-hyperintense lesions in the long term and eventually evolved into cystic cavities, whereas T2-hyperintense lesions with higher ADC values were more likely to resolve after surgical interventions. These observations suggest that a spinal cord DWI is a reliable method for evaluating pathological Prognostic factors for SSEH Factors affecting the prognosis of SSEH have been listed in various studies. They include size or location of the hematoma, speed of hematoma accumulation, neurological grade on admission and timing of the surgery. 2, 19, 20 For better functional recovery, these studies commonly propose prompt surgical evacuation of the epidural hematoma before complete or irreversible damage occurs in the spinal cord parenchyma. Moreover, in case of the occurrence of complete dysfunction, functional recovery can be expected if decompression is performed early. 2, 19 In one of these studies, 65.9% of patients who received surgical treatment within 12 h of the onset of symptoms recovered completely, while the complete recovery rate decreased to 29.1% if surgical decompression was performed from 13 h to 1week. 3 To date, we have relied on neurological examination and the duration of the symptoms to estimate the irreversibility of spinal cord damage in SSEH. Our observations have added other parameters; ADC values of the spinal cord can be used to estimate severity of the spinal cord damage in SSEH. In particular, T2-hyperintense lesions in the spinal cord with higher ADC values may correspond to reversible vasogenic edema, whereas lesions with lower ADC values may indicate irreversible cytotoxic damage. Although further studies are warranted, we suggest that patient classification based on preoperative ADC values helps in deciding surgical indications and predicting the prognosis of patients suffering from SSEH.
CONCLUSIONS ADC values are used to differentiate between cytotoxic and vasogenic edema in neuroimaging. Our results indicate that lower ADC values in SSEH may represent irreversible histological changes. Patients with lower ADC values had poor preoperative neurological grades and showed limited functional recovery. In contrast, lesions with high ADC values, representing vasogenic edema, were resolved radiographically. It is hoped that a useful algorithm for treating SSEH depending on ADC values of the spinal cord can be established in the near future by having larger sample sizes with longer follow ups.
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